Reperfusion after global ischemia (10--60 min in duration) in rat neocortex most commonly provoked transient hyperoxidation of mitochondrial electron carri ers, tissue hyperoxygenation, and CBP hyperemia. These responses were normally accompanied by recovery of K + homeostasis and EEG spike activity. Goals of this research were to understand putative relationships among these postreperfusion events with special emphasis on determining whether mitochondrial hyperoxidation re sults from intracellular changes that may modulate resid ual damage. The amplitude of post ischemic mitochondrial hyperoxidation (PI MHo) did not increase when CBP in creased above an apparent threshold during reperfusion, and tissue hyperoxygenation was not required for PIMHo to occur or to continue. These findings suggest that PIMHo is not merely a response to increased CBP and tissue hyperoxygenation; rather, PIMHo is modulated, at least in part, by residual intracellular derangements that limit mitochondrial electron transport. This suggestion During ischemia in brain, the reactions of oxida tive metabolism, and consequently those functional activities requiring ATP, are among the most imme diately and severely altered. Some changes are compensatory, such as increased glycolytic activity and suppression of electrical activity, since these Abbreviations used: ACSF, artificial CSF; PIMHo, postisch ernie mitochondrial hyperoxidation.
Summary: Reperfusion after global ischemia (10--60 min in duration) in rat neocortex most commonly provoked transient hyperoxidation of mitochondrial electron carri ers, tissue hyperoxygenation, and CBP hyperemia. These responses were normally accompanied by recovery of K + homeostasis and EEG spike activity. Goals of this research were to understand putative relationships among these postreperfusion events with special emphasis on determining whether mitochondrial hyperoxidation re sults from intracellular changes that may modulate resid ual damage. The amplitude of post ischemic mitochondrial hyperoxidation (PI MHo) did not increase when CBP in creased above an apparent threshold during reperfusion, and tissue hyperoxygenation was not required for PIMHo to occur or to continue. These findings suggest that PIMHo is not merely a response to increased CBP and tissue hyperoxygenation; rather, PIMHo is modulated, at least in part, by residual intracellular derangements that limit mitochondrial electron transport. This suggestion During ischemia in brain, the reactions of oxida tive metabolism, and consequently those functional activities requiring ATP, are among the most imme diately and severely altered. Some changes are compensatory, such as increased glycolytic activity and suppression of electrical activity, since these was supported by observations that NAD became hyper oxidized after reoxygenation in anoxic hippocampal slices. Also, PIMHo occurred and subsequently resolved in many animals, but K + 0 never was cleared fully to baseline and/or EEG spike activity never was evident. One suggestion is that PIMHo signals or initiates residual intracellular derangements that in turn impair electrical and metabolic recovery of cerebral neurons after isch emia; an alternative suggestion is that PIMHo and tissue hyperoxygenation are not the sole fa ctors modulating the immediate restoration of electrical activity after ischemia. Present data also support the fo llowing: Decreased oxy gen consumption, despite adequate oxygen delivery, likely contributes to tissue hyperoxygenation after isch emia; and mitochondrial hyperoxidation is modulated by a limitation in the supply of electrons to the mitochondrial respiratory chain. Key Words: Cerebral cortex Cytochrome a, a3-Ischemia-Oxygen-Potassium Reperfusion.
enhance ATP production from available pathways and limit ATP use (e.g., Siesj6, 1978; Hansen, 1985; Raffin et al., 199 1) . Other changes produced by ischemia, such as loss of ion homeostasis and neu rotransmitter release, may be damaging, with the net effect being irreversible pathophysiology in an imal models and humans (e.g., Garcia et al., 1978; Plum, 1983; Siesjo and Bengtsson, 1989) .
Less well characterized than changes during isch emia are the responses during reperfusion after ward. Definition of the latter is important since reperfusion, tissue reoxygenation, and metabolic recovery are prerequisite to recovery of ion homeo stasis and tissue function; yet reperfusion-indu�ed changes may enhance ischemia-induced injury in brain (e.g., Cooper et al., 1977; Jenkins et al., 198 1; Traupe et al., 1982; Safar, 1986; Burda et al., 199 1; Halsey et ai., 199 1) and other tissues (e.g., Granger et ai., 1986) . Although treatment directed at reper fusion-related events may offer benefit (Kuroiwa et ai., 1989; Danielisova et ai., 1990; Burda et ai., 199 1; Halsey et ai., 199 1) , efforts toward such treat ment are complicated because investigations de pend on the experimental model used, the duration and severity of brain ischemia, and the criteria for recovery.
The present study sought to understand putative relationships among mitochondrial reduction/ oxidation (redox) activity, tissue oxygenation, ex tracellular potassium ion activity (K + 0) ' and the oc currence of EEG spike activity following reperfu sion after global ischemia in rat cerebral cortex (four-vessel occlusion model) (Pulsinelli and Brier ley, 1979) . Emphasis was on postischemic hyperox idation of the electron carriers of the mitochondrial respiratory chain. Such postischemic mitochondrial hyperoxidation (PIMHo) was observed previously (Rosenthal et ai., 1976; Duckrow et ai., 198 1; Welsh et ai., 1982; Mayevsky et ai., 1985; Paschen et ai., 1985; Dora et ai., 1986; Tanaka et ai., 1986; Welsh et ai., 1991) , but its time course, amplitude, and relation to other physiological activities following global cerebral ischemia remain to be defined. Ex periments were directed toward the hypothesis that PIMHo is not merely a physiological concomitant of reperfusion-induced hyperemia and tissue hyper oxygenation, but that PIMHo is, at least in part, indicative of a residual derangement in intracellular metabolism.
Preliminary reports from subtopics of this inves tigation have been presented (Rosenthal et ai., 199 1; Sick and Rosenthal, 199 1) .
METHODS

Animal models
Data were derived from male rats (Wi star strain, 300-350 g) anesthetized with pentobarbital (50 mg/kg i.p.) and prepared surgically as previously described (Harrison et aI., 1985; Raffin et aI., 1991) . In brief, cannulas were in serted as follows: (a) into the trachea for artificial venti lation with 30% O2 (balance N2); the ventilator stroke rate and volume adjusted to maintain arterial blood gas values within normal limits (P a02 > 100 mm Hg, P ac02 from 34 to 42 mm Hg, pH from 7.36 to 7.43); (b) into a femoral vein for drug administration (d-tubocurarine to effect for pa ralysis and pentobarbital to effect for maintaining a con stant level of anesthesia); and (c) into a fe moral artery for monitoring systemic blood pressure and for intermittently sampling arterial blood for analysis of pH and arterial tensions of CO2 and 02' A rectal thermistor probe was inserted to monitor body temperature, which was main tained at -37 SC with an electric/hot water heating blan ket. A portion of the skull was removed and the dura resected to allow electrode implantation and facilitate op- Vol. 15, No.4, 1995 tical monitoring. The brain surface was kept moist with mineral oil.
Global cerebral ischemia was produced by bilateral ca rotid occlusion after previous electrocoagulation of the vertebral arteries. Reperfusion was initiated by removing the carotid ligatures (PulsineUi and Brierley, 1979; Harri son et aI., 1985) .
To determine whether mitochondrial hyperoxidation occurs in isolated tissues that exist independent of a vas culature, hippocampal slices were obtained from six male rats (250-300 g) as described previously (Sick et aI., 1987) . In brief, rats were anesthetized with ether until respiration ceased. The rats were decapitated, the brains were removed and sliced, and the slices were perfused with chilled WC) oxygenated artificial CSF (ACSF) con taining the fo llowing (mM): NaC!, 126; KCI, 3; CaCI2, 2; MgCI2, 2; NaHC03, 26; NaH2P04, 1.25; glucose, 10. The ACSF was gassed with 95% O2/5% CO2, Slices were made anoxic by changing the gas mixture to 95% N2/5% CO2, Slices remained in N2-equilibrated ACSF for 5 min after anoxic depolarization, which was signaled by the sudden rise to maximum K + 0 recorded in stratum pyra midale with glass microelectrodes. The total duration of anoxic exposure was -10-15 min for each slice. Occa sionally, slices were allowed to remain depolarized for 30 min for comparison with the 5-min group.
Recording procedures
Local cerebral oxygen tension (P(02) and cerebral blood flow (by hydrogen clearance) were monitored in the rat neocortex with polarographic microelectrodes manu fa ctured and calibrated as previously (Feng et aI., 1988) . The electrodes were implanted -500 J..l m below the sur face of the cortical gray mantle in areas in which the recorded P(02 approximated previously recorded mean PP2 values. To measure blood flow, 10% H2 was tran siently substituted for an equal percent of N2 in the in spired gas mixture. H2 was given until a steady level was recorded, and then its clearance was measured with the micropolarographic electrode.
Extracellular potassium ion activity (K + 0) was mea sured with double-barrel, liquid ion exchanger microelec trodes manufactured and calibrated as described previ ously (e.g., Sick et aI., 1982) . These electrodes were also implanted -500 J..l m below the neocortical surface in close proximity to the polarographic electrodes. The reference barrel of the K + micro electrode was used to monitor lo cal DC potentials that were electronically subtracted from the signal obtained from the K + -sensitive barrel to yield an electrical potential that varied with changes in potas sium ion activity. In some animals, electrical output from the reference barrel was AC-amplified and recorded on a strip chart as EEG activity (although this signal is more precisely considered the electrocorticogram, the generic term "EEG" is used). In other animals, EEG activity was monitored through an Ag/AgCI wire (200-J..l m diameter) placed on the neocortical surface. In both procedures, EEG activity was recorded with reference to an Ag/ AgCI wire electrode placed on the neck musculature that served as a ground. EEG spike recovery was judged by independent analysis of chart recordings by at least two of the authors/investigators. Similar independent analy ses of chart recordings were used to define changes in redox status of cytochrome a,a3 and changes in K + 0 and P(02'
In intact neocortex also, shifts in reduction/oxidation ratios of NAD and cytochrome a,a3 were recorded by differential fluorometry and reflection spectrophotome try, respectively. The physical and optical basis of these measurements techniques and their spectra confirmation have been extensively described (e.g., Chance and Williams, 1956; LaManna et aI., 1987; Rosenthal and Sick, 1988) , as have been the specific monitoring proce dures (J obsis et aI., 1971 , 1977 Duckrow et aI., 1982) . Increases in the difference signal (fluorescence minus re flectance) represented increases in the ratio NADH/ NAD +. Decreases in reflected light at 605 -590 nm represented increases in the reduction/oxidation ratio of cytochrome a,a3• The optical signals were collected from �3-mm diameter areas of the cerebral cortex with record ing electrodes placed within. For comparisons of the am plitudes of postischemic hyperoxidation of cytochrome a,a3 among animals, it was necessary to define redox shifts of cytochrome a,a3 with relation to the total labile signal, with 100% being the maximal difference between the oxidation recorded fo llowing ischemia and the maxi mum level of reduction attained during ischemia. Redox shifts of intramitochondrial NADH were mea sured in hippocampal slices by rapid scanning spectro fluorometry. Slices were illuminated with 337-nm excita tion Ii ;ht delivered by a pulsed nitrogen laser. Fluores cence emission was measured with a cooled, photodiode array detector coupled to a spectrograph. Light was col lected from the tissue to the spectrograph through the eyepiece of a microscope that imaged the CAl subfield of the hippocampus (60x). The microscope contained a blocking filter (high-pass 350 nm) to eliminate excitation light. Fluorescence emission spectra were acquired by integrating light emission for 1 s while illuminating slices with light pulses delivered at 10 Hz. The short pulse length of the laser (3 ns) minimized ultraviolet exposure of slices to 30 ns/spectrum. For most slices, spectra were acquired during control conditions, during anoxic depo larization, and after 60 min of reoxygenation. In a few slices, spectra were acquired every 30 s to define the time course of the NADH response. Since fluorescence results from the reduced form of NAD (NADH), the amplitude of fluorescence intensity at 450 nm indicated the relative amount of NADH/NAD +. Values of NADH/NAD + are expressed as percent of control fluorescence. Figure 1 illustrates that carotid occlusion pro voked (a) rapid EEG suppression, (b) maximal re duction of NAD and cytochrome a,a3, (c) maximal decline in tissue oxygen tension (Pto2), and (d) max imal elevation of extracellular potassium ion activ ity (K + 0) ' When exceptions to this response pattern occurred, events suggested that ischemia was in complete. In these latter animals, responses either did not reach maximal amplitudes and/or they oc curred only transiently (Harrison et aI. , 1985) . Since "complete" ischemia was desired, criteria for in cluding animals in subsequent studies were that throughout carotid occlusion (a) NAD or cy tochrome a,a3 remained maximally reduced and Pto2 remained maximally decreased, (b) K + 0 re mained maximally elevated, and (c) EEG continued to be isoelectric.
RESULTS
Ischemia in rat neocortex
Responses to reperfusion
With three exceptions, release of the carotid lig atures after ischemia produced reoxidation of NAD and cytochrome a,a3, increased Pto2, and de creased K + 0 (see Fig. 1 ). One exception to this re sponse pattern ensued after ischemia of 120-min du ration. In these animals (n = 3), mitochondrial reoxidation was never apparent, there was no K + 0 clearance or EEG activity, and the brains remained pale and without visible blood flow. Data from these animals were not further considered.
A second exception happened in a few rats after ischemia of 30-to 60-min duration. In these ani mals, mitochondrial reoxidation and restoration of the baselines of K + 0 and Pto2 were incomplete or absent and no EEG spike activity was observed. These partial or absent responses suggested that reperfusion and reoxygenation were incomplete, and data from these animals were not analyzed fur ther.
The third exception occurred when ischemia was limited to 1-to 5-min duration. In these animals, reperfusion provoked mitochondrial reoxidation to baseline within a few seconds, and there was no subsequent mitochondrial hyperoxidation. K + 0 clearance and EEG spike activity typically oc curred within 1-3 min. Since our goals were to un derstand residual effects of ischemia, data from an imals made ischemic for,;:; 10 min were also not in cluded in statistical analyses.
In all animals but those described here, reperfu sion after ischemia (10-to 60-min duration) caused mitochondrial reoxidation to levels beyond base line. Such PIMHo was observed during monitoring of NAD ( Fig. 1, top trace) or cytochrome a,a3 (Fig.  1 , bottom traces). Reperfusion also increased CBF and Pto2 typically to levels above preischemic base lines and promoted K + 0 clearance. EEG spike ac tivity either became apparent after these responses or was never observed. Temporal and quantitative relationships among these postischemic events are considered in the following sections.
Onset of reperfusion-induced changes
Without exception, reoxidation of the mitochon drial electron carriers (NAD or cytochrome a,a3) was the first observable event following removal of the carotid ligatures. NAD was recorded in only a few animals and only to confirm that this electron carrier reacted similarly to reperfusion as did cy tochrome a,a3' Therefore, attention is upon the re sponses of cytochrome a,a3 in subsequent sections. 
'--I -=:::::::�;;;; ;;;; �:= Reoxidation of cytochrome a,a3 was so rapid and extensive after reperfusion that this cytochrome was often oxidized to beyond its baseline prior to (a) any observable increase in Pto2 (in 9 of 18 ani mals), (b) the onset of K + 0 clearance (in 14 of 32 animals), and (c) the first appearance of EEG spike activity in all animals in which these parameters were monitored simultaneously (n = 33).
Mean latencies between removal of the carotid ligatures and the onset of postreperfusion events are presented in Fig. 2 . Times to the onset of K + 0 clearance, and to the recoveries of Pto2 and EEG, were each increased with ischemia duration (one way analysis of variance, p < 0.05), but ischemia duration was without significant effect on the onset of cytochrome a,a3 reoxidation.
Although mean latencies suggest that K + 0 clear ance started before tissue reoxygenation at each ischemia duration, differences were not significant; and an initial rise in Pto2 preceded onset of K + 0 clearance in 9 of 19 animals in which these param eters were simultaneously measured. In every ani-J Cereb Blood Flow Metab. Vol. 15, No.4, 1995 mal (total = 33), the initial appearance of EEG spike activity was the last "onset" event.
PIMHo and tissue hyperoxygenation
In all brains but those exceptions described in the first section of Results, reperfusion was followed by reoxidation of cytochrome a,a3 to levels beyond baseline. This PIMHo was normally accompanied by tissue hyperoxygenation (i.e., Pto2 rose to a level greater than baseline). Latencies to maxima of PIMHo and Pto2 increased with ischemia duration (Fig. 3) . In most animals (3 1 of 34), K + decreased to its baseline or to a level transiently below baseline. In these animals, latencies to the K + 0 baseline also increased with ischemia duration (see Fig. 3 ). Of the three animals in which K + 0 clearance was incom plete, each was tested after 30-min ischemia. In these animals, there was no recovery of EEG spike activity despite the occurrence of PIMHo and tissue hyperoxygenation.
Following maxima of PIMHo and tissue hyperox ygenation, Pto2 slowly declined and cytochrome slightly from those in the text since the ' Iatter include animals that underwent ischemia of du rations different from those il lustrated in the figures. Also, all parameters were not recorded in all animals. "Cyt reox" and "K+ 0 clear" indicate the first observable decreases from maximum reduction of cy tochrome a,a3 and maximum K+ 0' respectively. "P,02 recov" indicates the first observable in crease from the ischemia induced nadir of P,02' "EEG spike" indicates the time of the first observable spike in the EEG trace. cyt reox a a,a3 became rereduced toward their respective preischemia baselines. A key finding, however, is that PIMHo did not require tissue hyperoxygen ation. This was evident in three of four animals after 30-min ischemia, in which Pto2 declined to its preis chemic baseline before the cytochrome became rereduced to its baseline. In other animals (two af ter 30-min ischemia, two after 60-min ischemia), hy peroxygenation was followed by recovery of the Pto2 baseline, but cytochrome a,a3 remained hyper oxidized throughout the 4-h period of postischemic recording.
Latencies to recovery of the K + 0 baseline (Fig. 3) TIME AFTER REPERFUSION (sec) (Fig. 1) were not significantly different. These data may be misleading, however, since times to EEG spike activity do not include those of six animals in which there was no recovery of EEG spike activity (three animals with 30-min ischemia, three animals with 60-min ischemia) despite recovery of the K + 0 baseline.
Amplitudes of postischemic responses
Toward understanding postischemic events, an initial hypothesis was that hyperoxidation of cy tochrome a,a3 is modulated, at least in part, inde pendently from tissue hyperoxygenation and hyper emic CBF that occur during the period of PIMHo.
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FIG. 3. Latencies to events after reperfusion grouped by isch emia duration (_, 10-15 min; �, 20-30 min; �, 60 min). "PIMHo max" and "P,02 max" represent times to maxima of these pa rameters after ischemia. "K+ 0 bl" indicates recovery of the K+ 0 baseline following reperfu sion. "P,02 bl" represents resto ration of baseline P,02 subse quent to the reperfusion induced increase of Pto2 to a maximum above its preis chemic baseline. PIMHo, post ischemic mitochondrial hyper oxidation.
TIMES AFTER REPERFUSION (sec)
This hypothesis is supported by data in Fig. 4 where CBF at maximum PIMHo is plotted versus corre sponding PIMHo maxima. Data in this figure were derived from 15 rats after ischemia durations of 10-15 (n = 3), 20-30 (n = 8), and 60 (n = 4) min.
What complicates evaluation of Fig. 4 is that in three animals (all after 20-to 30-min ischemia), there was no postischemic hyperemia; and reperfu sion did not even provoke rises in CBF to preis chemic levels. Data from these animals are pre sented in open circles in Fig. 4 . When data from all 15 animals were considered, no relationship be tween PIMHo and CBF was apparent. When data from the three hyporemic animals were deleted, however, amplitudes of PIMHo and CBF were in versely related (n = 12, R = 0.733, p = 0.007). Although data from the three hyporemic animals did not fit a linear plot, a dashed line is drawn into Fig. 4 to suggest that the effect of CBF on postisch emic mitochondrial redox activity is biphasic with lesser oxidized cytochrome a,a3 being associated with both low and high CBF values.
As with CBF, a change in tissue oxygenation may also influence mitochondrial redox activity (e.g., Chance and Williams, 1956; Kreisman et aI., 198 1) , but data indicate that mitochondrial hyperoxidation after ischemia is modulated, at least in part, by fac tors independent of tissue hyperoxygenation. This is shown in Fig. 5 , which depicts the redox status of cytochrome a,a3 at the following six time points selected by tissue oxygenation: (I) under control conditions with tissue oxygenation defined as 100%;
(2) during ischemia with the cytochrome be ing maximally reduced and tissue oxygenation de fined as 0%; (3) at the first observable increase in tissue oxygenation following reperfusion; (4) at the time when tissue oxygenation increased to its orig inal baseline; (5) at maximal hyperoxygenation fol lowing reperfusion; and (6) at the time when Pt02 declined to its original baseline following reperfu sion-induced hyperoxygenation. Figure 5 illustrates the progression of cytochrome a,a3 redox shifts in these studies. From control con ditions (time point 1), the cytochrome became max imally reduced during ischemia (time point 2), and then it became hyperoxidized after reperfusion. The relation between cytochrome redox activity with tissue oxygenation is apparent during ischemia and at the time where maximal tissue oxygenation is associated with greater hyperoxidation of cy tochrome a,a3 (time point 5). However, the influ ence of other factors on cytochrome a,a3 redox ac tivity is suggested by the fact that at times when Pto2 was at baseline (points 4 and 6), cytochrome a,a3 was significantly more oxidized than under control conditions. Studies also sought to determine whether isch emia-induced changes in MABP influenced post ischemic events. Preliminary results indicate that maximal amplitudes of PIMHo or CBF were each independent of changes in MABP. MABP shifts were also unrelated to ischemia duration.
NAD hyperoxidation in hippocampal slices
To further indicate whether PIMHo represents a reactive mitochondrial response to increased tissue oxygenation or is modulated by intracellular events, parallel studies were conducted in hippocampal slices, which function independently of the cere brovasculature. Goals were to determine whether a cence decreased below control levels, signaling hy peroxidation of NADH to levels of NAD+ beyond those of control. The time course of the fluores cence response to anoxia and reoxygenation re corded in a slice from another animal is shown in the bottom section of Fig. 6 . This slice remained in the depolarized state for 5 min. For six slices that remained depolarized for 5 min, NADH fluores cenc� fell to 62.7 ± 17.7% of control levels within 60 min after reoxygenation.
DISCUSSION
Following reperfusion after global cerebral isch emia, reoxidation of cytochrome a,a3 always pre ceded increases in Pto2. Since oxygen is required for oxidation of the mitochondrial electron carriers, it appears that, for a short period, all available ox ygen was consumed by cytochrome oxidase, thereby keeping Pto2 near zero. Although not quan tified, original tracings also suggest that cy tochrome reoxidation was initially rapid and be came slowed at the time when Pto2 began to in crease (see Fig. 1 ). Cytochrome oxidase thus appears to be an absolute oxygen "sink" in the early reperfusion period. This situation may pro vide a rare example of brain oxygen consumption (at least as indicated by oxidative shifts of cy tochrome a,a3) being rate limited by oxygen deliv ery. Whether this indicates that oxygen consump tion was high during this initial period of reperfu sion or that oxygen delivery was low remains unknown. What the present data do suggest is that in the early period after ischemia, tissue oxygen was maximally consumed by the electron transport chain until mitochondrial reoxidation reached a level sufficient to allow for a rise in Pto2.
As expected, latencies to the onset of K + 0 clear ance and tissue reoxygenation increased with isch emia duration. Times to the onset of cytochrome a,a3 reoxidation, however, were independent of ischemia duration. It is unlikely that ischemia (in dependent of its duration) transiently decreased the oxygen affi nity of cytochrome oxidase. Also, Pto2 should increase prior to cytochrome reoxidation if oxygen were delivered but not used. In fact, reox idation of cytochrome a,a3 always preceded in creases in Pto2• Another possibility is that oxygen diffusion from the vasculature to the mitochondria was limited in the early reperfusion period by fac tors also independent of ischemia duration. There is no evidence, however, that ischemia-induced mor phological changes could produce this effect. More likely is that initial CBF was modulated by factors independent of ischemia duration, such as physical J Cereb Blood Flow Metab, Vol. 15, No. 4, 1995 changes to the arterial walls produced by the ca rotid ligatures.
Onset of K + 0 clearance was delayed until cy tochrome a,a3 was highly oxidized (often to levels of hyperoxidation). In fact, K + 0 clearance was more closely associated with restoration of Pto2, which may indicate that (a) the initial ATP from oxidative phosphorylation was utilized for activities other than K + 0 clearance; (b) a critical build-up of ATP must occur to initiate K + 0 clearance; (c) initial electron transport after ischemia was uncoupled from ADP phosphorylation; or (d) reoxidation of cytochromes may result from a modest increase in tissue oxygenation, but without a related increase in electron supply from glycolytic reactions. This lat ter situation could be analogous to the "state 2" (substrate-limited) condition of isolated mitochon dria (Chance and Williams, 1956) . This substrate limitation hypothesis for PIMHo is supported by consideration of response amplitudes and other ev idence described herein.
The present data do support that a putative con tribution to K + 0 clearance by diffusion to the vas culature is not significant early after ischemia. We suggest this because K + 0 clearance was not evident for a considerable period despite cytochrome a,a3 reoxidation. Yet during this period, blood flow must have been ongoing (and hyperemia was usually re corded) to provide oxygen for mitochondrial reox idation.
PIMHo
Reperfusion after ischemia normally caused hy peroxidation of NAD and cytochrome a,a3' PIMHo was absent only when ischemia was short « lO-min duration) or when reoxidation was incomplete to baseline or absent (occasionally with ischemia of 30-to 60-min duration; always with ischemia of 120min duration).
Since NAD hyperoxidation was associated with greater histopathology (Tanaka et aI., 1986) and with incomplete recovery of ATP and elevated lac tate (Welsh et aI., 199 1) following focal ischemia, it is likely that defining the mechanism of PIMHo will be important for understanding the physiology and pathophysiology of postischemic brain.
Insight into PIMHo is provided by findings here that NAD, at the substrate end of the electron trans port chain, and cytochrome a,a3' at the oxygen end of the chain, both exhibited hyperoxidation after global ischemia. This demonstrates that PIMHo must occur throughout the respiratory cnain and that hyperoxidation cannot result from blocking of electron transport within the chain itself. This con clusion is supported also by the fact that N AD be-came hyperoxidized after reoxygenation of anoxic hippocampal slices.
The present data demonstrate that mitochondrial reoxidation and PIMHo are not criteria of metabolic or physiological recovery after ischemia. This is be cause PIMHo occurred and subsequently resolved in many animals, but K + 0 never was cleared fully to baseline and/or EEG spike activity never was evi dent. These findings are consistent with reports that in hippocampal slices, delayed recovery of K + 0 was associated with lesser recovery of synaptic transmission . Rather than a restorative event, therefore, PIMHo likely indi cates either a residual pathological effect of isch emia or the initiation of a complex and perhaps damaging response to reperfusion.
Among possible mechanisms of PIMHo are in creased brain activity or heightened K + 0 transport since these provoked increased oxygen consump tion and transient mitochondrial oxidation in nor moxic brains (Rosenthal and J6bsis, 197 1; Schuette, 1975, 1976; Lothman et aI., 1975; La Manna et aI., 1987) . Increased brain electrical ac tivity is an unlikely mechanism of PIMHo for rea sons that include the following: (a) PIMHo pre ceded K + 0 clearance, suggesting that the former was not modulated by the latter; (b) EEG was iso electric when PIMHo was maximal, supporting that overall energy use was likely decreased; (c) NAD hyperoxidation was associated with lesser recovery of EEG following middle cerebral artery occlusion in cats (Tanaka et aI., 1986) ; and (d) Singh et ai. (1992) found oxygen consumption was depressed after global ischemia during times corresponding to our observations of PIMHo. This CMR02 depres sion occurred despite hyperemia.
Another possible explanation for PIMHo is hy peremia-induced tissue hyperoxygenation. This suggestion is derived from findings that in normoxic brains, tissue oxygenation may be elevated by in creasing CBF (such as by inspiring a higher fraction of CO2) and/or by increasing hemoglobin saturation (such as by increasing the fraction of inspired oxy gen). In turn, these changes caused oxidative shifts of cytochrome a,a3 (Rosenthal et aI., 1976a; Kreis man et aI., 198 1) , although N AD oxidation in re sponse to increased tissue oxygenation was much less (unpublished). We believe that PIMHo is un likely to result from hyperemia alone since PIMHo amplitude increased, but the amplitude of CBF hy peremia was unchanged, as ischemia was prolonged. In one animal also, PIMHo was very large despite incomplete recoveries of CBF and Pto2 even to their original baselines. In other animals, cytochrome a,a3 remained maximally hyperoxidized after Pto2 and/or CBF declined from their maxima to original baselines or below. Also, PIMHo occurred at times when tissue oxygenation was at baseline following the initial Pto2 rise after reperfusion and again fol lowing the decline of Pto2 after maximum hyperox ygenation (see Fig. 5 ).
We suggest that PIMHo and tissue hyperoxygen ation after reperfusion are modulated, at least in part, by intracellular factors inhibiting oxygen con sumption and mitochondrial electron transport. This is supported by the lack of apparent differ ences between PIMHo responses of NAD or cy tochrome a,a3' If PIMHo were due only to in creased tissue oxygenation, hyperoxidation of cy tochrome a,a3 would likely be of much greater amplitude than that of NAD. Also, mitochondria were already hyperoxidized (although maximal PIMHo was not yet reached) when Pto2 only started to increase. In addition, maximal tissue hyperoxy genation occurred significantly later than maximal PIMHo. This suggestion is also supported by find ings here that an equivalent of PIMHo, hyperoxi dation of NAD, occurred in hippocampal slices fol lowing anoxia. Yet slices are independent of vascu lar influences and have no capacity to increase oxygen delivery beyond that provided in normoxia.
Attributing PIMHo to intracellular derangements is consistent with additional findings. One is that NAD hyperoxidation was associated with lower glucose consumption after focal ischemia (Tanaka et aI., 1986) . Another is that rereduction of cy tochrome a,a3' following oxidative shifts in re sponse to direct cortical stimulation, was slowed after cerebral ischemia (Duckrow et aI., 198 1) . Also, Pto2 of hippocampal slices was increased after reoxygenation following anoxia, which was likely due to decreased oxygen consumption since slices exist independently of a vasculature (Schiff and Somjen, 1985) .
Therefore, we propose that mitochondrial hyper oxidation and tissue hyperoxygenation after cere bral ischemia result from imposition of a "state-2" like limitation in electron availability to the respira tory chain. This may underlie the reported depression in oxygen consumption seen after reper fusion (Singh et aI., 1992) and is consistent with the hypothesis that there may be inhibition of pyruvate dehydrogenase (Cardell et aI., 1989; Katayama and Welsh, 1989) . Whether PIMHo and putatively re lated changes represent residual intracellular meta bolic derangements due to ischemia itself or to reperfusion remains to be determined.
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